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1. Introduction
The organizers of this workshop asked me to give a talk entitled “Low-Energy
Supersymmetry Basics”. I assume that the organizers intended this to serve as
an introduction to subsequent talks on supersymmetry in particle physics. In
this regard, I thought that it would be useful to present a collection of the main
reasons we all have attended this workshop. Namely, why is it that we are all
partisans of supersymmetry, and what are the main theoretical problems that keep
us interested.
Seven months prior to this workshop, I was attending another workshop, not all
that dissimilar to this one, held in Erice. During a sumptuous Italian meal, Gordon
Kane made the provocative statement that there are already at least seven strong
experimental indications that low-energy supersymmetry is a correct description
of nature. A number of us joined in on the discussion, sometimes challenging
Gordy’s assertions and sometimes trying to augment or modify his list. Since that
evening in Erice, Gordy’s list has increased to nine phenomenological indications
for low-energy supersymmetry which now appear in ref. 1.
However, this talk differs from ref. 1 in a number of important respects. First,
any list that describes the reasons for pursuing supersymmetry should contain both
theoretical arguments as well as phenomenological hints. In particular, the phe-
nomenological hints are often ambiguous or open to a variety of interpretations.
That such hints lend their support to a supersymmetric interpretation is strength-
ened by the theoretical motivations for supersymmetry. Second, I believe that it is
important to highlight the main theoretical challenges for supersymmetric theories.
The supersymmetric framework is a very ambitious one: it attempts to connect
physics at low energies (the TeV scale and below) with the ultimate energy scale
of fundamental physics—the Planck scale. A list of the main unsolved problems
of the supersymmetric approach will illustrate how far we are from achieving this
ultimate goal.
The plan of this talk is as follows. I will provide two “top-ten” lists (hence
the use of the plural in the title). In section 2, I will give ten reasons why I (and
many supersymmetry enthusiasts) favor supersymmetry. Here, there is substantial
overlap with Gordy’s list; although I do not subscribe to all the phenomenological
hints of ref. 1. In section 3, I provide ten challenges for theorists who attempt
to use supersymmetry to connect low-energy physics and the Planck scale. In
some sense, the second list is the more important one. The question of whether
low-energy supersymmetry exists (or more specifically, whether supersymmetry
is responsible for the scale of electroweak symmetry breaking) is ultimately an
experimental one. Yet even if explicit evidence for low-energy supersymmetry is
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eventually revealed, the issues addressed in the second top-ten list will remain. Of
course, one hopes that additional information such as a detailed supersymmetric
particle spectrum might significantly improve our chances to successfully address
some of the items on the list in section 3.
An addiction of “top-ten” lists may be indicative of a night person (which is
true in this case). However, unlike the lists of David Letterman, I will not be overly
dramatic and save the best bits for the end. The order of the points on each list is
somewhat arbitrary. I invite the reader to re-order the items on the list, as well as
to subtract and/or add various items to them. In the end, I hope that these lists
serve as an overview to the status of supersymmetry in particle theories today, as
well as providing some impetus as to where we must focus our attention in the
future.
2. The First Top-Ten List: Why Believe in Supersymmetry?
Low-energy supersymmetry is the leading candidate for physics beyond the
Standard Model. The simplest model of this type is the Minimal Supersymmetric
extension of the Standard Model (MSSM), which is reviewed in ref. 2. Of course,
there are other candidates as well, including technicolor,
[3]
composite models,
[4]
mod-
els based on effective four-fermi Lagrangians (e.g., top-mode condensate models
[5]
),
and perhaps the true model of nature based on physical principles not yet invented.
But, an informal poll, taken with the help of SPIRES, indicates that supersymme-
try has attracted the most attention of both theorists and experimentalists. Here
are ten reasons why.
1. Supersymmetry is elegant.
Supersymmetry is a symmetry that associates fermionic and bosonic degrees
of freedom. It allows one to evade the famous Coleman-Mandula theorem
[6]
which
asserted the impossibility of putting together space-time symmetries and internal
symmetries in a non-trivial way. The twentieth century has seen the triumph
of gauge symmetries as the underlying structure of all theories of fundamental
forces and particles. Supersymmetry is a beautiful generalization of the concept of
continuous symmetries; it would be surprising if nature did not make use of it.
2. Gravity exists.
Supersymmetry may be the link between theories of elementary particles and a
fundamental theory of gravity. Local supersymmetric theories necessarily contain
gravity.
[7]
Moreover, the only consistent quantum theories that incorporate gravity
are superstring theories which possess supersymmetry at some stage in the theory.
[8]
It is important to note that this argument by itself does not set the energy scale
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at which supersymmetry breaks. In particular, it is theoretically conceivable that
supersymmetry is relevant only at the Planck scale (MP ≃ 10
19 GeV) in which
case it would never affect the physics we see at present or future colliders.
3. The gauge hierarchy problem.
[9]
It is very puzzling how the ratiom2W/M
2
P ≃ 10
−34 emerges from the fundamen-
tal Planck scale theory. Low-energy supersymmetric models have the potential to
solve this problem. In such theories, the effective scale of supersymmetry breaking
lies below 1 TeV and provides the connection to the scale of electroweak symme-
try breaking. The most successful model of this type is the radiative symmetry
breaking scenario of minimal supergravity models.
[10]
In this picture, the effective
theory at the Planck scale is a globally supersymmetric model broken by soft-
supersymmetry breaking mass terms of order 1 TeV. The low-energy consequences
of such a theory is revealed by using renormalization group equations (RGEs) with
Planck scale boundary conditions. One of the Higgs scalar squared-masses, which
is positive at the Planck scale, is driven negative due to the effects of the large
top-quark Yukawa coupling; this triggers electroweak symmetry breaking at the
required scale. Note that because the renormalization group evolution is logarith-
mic in nature, an exponential hierarchy between the electroweak scale and the
Planck scale can develop.
[11]
4. Naturalness.
[12]
Despite the simplicity of the Higgs mechanism in the Standard Model, the
existence of fundamental scalars in field theory is problematical. If the electroweak
model is embedded in a more fundamental structure characterized by a much larger
energy scale (e.g., the Planck scale), the Higgs boson would tend to acquire mass
of order the large scale due to radiative corrections. Only by adjusting (i.e., “fine-
tuning”) the parameters of the Higgs potential “unnaturally” can one arrange a
large hierarchy between the Planck scale and the scale of electroweak symmetry
breaking. This requires new physics beyond the Standard Model. The virtue of the
supersymmetric solution to the hierarchy problem is that it is natural. That is, the
no-renormalization theorems of supersymmetry
[13]
guarantee that if the hierarchy
is established at tree-level, it is not upset when radiative corrections are included.
5. Unification of gauge couplings.
Consider the three SU(3)×SU(2)×U(1) gauge couplings (g1, g2, and g3) eval-
uated at mZ . Now, run these couplings up to the Planck scale. In a low-energy
supersymmetric model, where the supersymmetry breaking scale is characterized
byMSUSY, one uses the RGEs of the Standard Model for energies between mZ and
MSUSY and the RGEs of the supersymmetric model for energies between MSUSY
and MP . Do the three gauge coupling constants meet at a single point (call it
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MX)? In the Standard Model, the answer is no. In the MSSM, the answer is
yes! Unification occurs at MX ≃ 10
16 GeV for MSUSY ∼ 1 TeV. This result has
been known for some time,
[14,15]
although a re-analysis by Amaldi and co-workers
a few years ago based on LEP data caused a great stir in the particle physics
community.
[16]
Is this result truly significant?
Before being carried away by all the hype, consider the reactions of the opti-
mist, the pessimist, and the cynic. The optimist says: the unification of coupling
constants is the first experimental verification of the low-energy supersymmetric
scenario. The pessimist says: the unification of coupling constants only rules out
the simplest GUT extensions of the Standard Model. It may imply new physics at
any scale between the weak scale and the GUT scale and says nothing about TeV
scale physics. The cynic says: in the GUT extension of low-energy supersymmetry,
there are three unknown parameters: gU (the unified coupling constant at the GUT
scale), MX (the GUT scale or unification point) and MSUSY. Thus the RGEs for
g1, g2 and g3 provide three equations and three unknowns. A unique solution is
essentially guaranteed, so the unification of coupling constants is no surprise at all.
The optimist clearly overstates the (experimental) case for supersymmetry. On the
other hand, the pessimist admits that the unification of couplings implies that the
desert hypothesis of no new physics between the electroweak scale and the GUT
scale is incorrect. New physics must enter somewhere between mZ and MX . This
is an exciting result! Clearly, low-energy supersymmetry is one possible model for
such new physics. Although there is no guarantee that the new physics is asso-
ciated with the TeV scale, the arguments based on the hierarchy and naturalness
problems of the Standard Model strongly suggest that new TeV scale physics must
exist. The simplest possible scenario would be one in which this TeV scale physics
also accounts for the unification of couplings. Finally, the cynic’s remarks that the
unification of couplings is guaranteed is technically true (if we ignore the effects of
supersymmetric thresholds). However, in solving the RGEs for MSUSY and MX ,
there was no guarantee that the coupling constant unification that emerges would
be consistent with sensible values for these parameters. The fact that such values
correspond precisely to the expected range of a successful grand unified extension
of low-energy supersymmetry may be more than coincidental and should not be
simply dismissed.
Of course, there are numerous complications to the conclusion that coupling
constant unification is a hint for low-energy supersymmetry.
[17]
One must consider
the effects of thresholds, both at the low-energy scale (e.g., the various MSSM
particle masses) and at the high-energy scale (e.g., the superheavy grand unified
particle masses). Non-renormalizable operators induced at the Planck scale can
also affect the unification of couplings.
[18]
Nevertheless, I believe that the message
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is clear. The unification of couplings is a strong hint for grand unification at scales
nearMP . The failure of coupling constant unification in the Standard Model means
that there is no desert between mZ and MX—new physics at some intermediate
scale must exist. The fact that coupling constant unification does occur in the
MSSM presents an intriguing clue that the physics of the desert may have been
identified!
6. Proton decay has not yet been observed.
[19]
If one accepts the grand unification scenario just discussed, then one must
consider carefully the predictions of proton decay. It is interesting to note that
non-supersymmetric grand unified models tend to predict proton decay rates that
are incompatible with current experimental bounds (primarily because MX tends
to lie below 1015 GeV). In contrast, in supersymmetric grand unified models, MX
turns out to be significantly larger, and the conventional proton decay modes are
unobservable. One must still check that other decay modes that are induced by
new (dimension-five) operators particular to supersymmetric models are consistent
with present experimental bounds. This imposes interesting constraints in some
cases but does not rule out supersymmetric grand unified models.
[20]
7. Relations between third generation quark and lepton masses.
If one uses Standard Model RGEs and assumes no new physics between the
electroweak scale and MX , then the prediction of mb = mτ at the unification scale
is not compatible with low-energy data.
[21]
However, the relation mb = mτ atMX is
still viable in supersymmetric grand unified models.
[22]
Relations among other quark
and lepton masses require a more complicated structure at the grand unification
scale. Supersymmetric models can accommodate such a structure, although it is
not clear whether this constitutes a real hint for low-energy supersymmetry.
[23]
The result mb = mτ at MX may be a less compelling clue than the unification
of gauge coupling constants. For example, in some string models, unification of
gauge couplings can occur without grand unification, whereas the Yukawa cou-
plings depend in part on the structure of the compactification manifold and do not
necessarily satisfy standard unification relations.
[24,25]
8. The existence of cold dark matter.
Most theoretical cosmologists believe that the ratio of the matter density in
the universe to the critical density, Ω ≡ ρ/ρc = 1. This result follows from theories
of inflation, and there are some observational hints that also support this conclu-
sion.
[26]
But, the baryonic matter density cannot contribute more than 0.2ρc, which
strongly suggests the existence of dark matter making up a significant portion of
the total matter density of the universe. The precise nature of the dark matter has
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been much debated in the astrophysical community. Evidence based on theories
of galaxy formation and the fluctuations of the microwave background radiation
suggest that a substantial fraction of the dark matter is likely to be “cold”. The
lightest supersymmetric particle (LSP) is an ideal candidate for cold dark mat-
ter. Ranges of MSSM parameter space exist where the primordial abundance of
the LSP provides exactly the right amount of “missing mass” to reach the critical
closure density.
[27]
See ref. 28 for further details.
9. Precision electroweak measurements at LEP show no deviation from the
Standard Model.
Suppose that the origin of the electroweak scale lies with new physics beyond
the Standard Model. By the naturalness arguments of section 2.4, the energy
scale at which this new physics enters must not lie much above 1 TeV. One must
then check that the effects of virtual new heavy particle exchange is not in conflict
with the precision electroweak measurements at LEP, which at present show no
evidence of departures from the Standard Model. One might be tempted to con-
clude that the effects of new heavy physics should decouple from LEP observables.
However, this is not always true, since violation of decoupling can occur in spon-
taneously broken gauge theories. In many cases, the effects of new heavy particles
on electroweak radiative corrections can be neatly summarized by three different
combinations of vector boson self-energies.
[29,30]
(These are called oblique radiative
corrections.) T is proportional to the shift in the ρ-parameter and S counts the
number of very massive degenerate chiral weak multiplets. A third parameter, U ,
also enters although it is typically smaller than S and T .
Recent LEP measurements show that the contributions to S, T and U from
new physics beyond the Standard Model must be less than 1.
[31]
This is not a
trivial constraint. For example, it has been shown that S can be reliably estimated
in a class of technicolor models.
[29,32]
New heavy technifermion doublets do not
decouple from S, so precision electroweak measurements can potentially rule out
such models. In contrast, supersymmetric models have the property that their
contributions to S, T and U precisely decouple in the limit of large supersymmetry
breaking scale, MSUSY. Still, one must check the coefficient of the leading terms
to determine the numerical importance of the supersymmetric contributions.
[33,34]
I have computed the contributions of the various supersymmetric sectors to S,
T and U as a function of the MSSM parameters.
[34]
An example of these results
is shown in fig. 1. I find that once supersymmetric particle masses all become
larger than about 150 GeV, the effects of supersymmetry on the oblique radiative
corrections become negligible. Thus, the non-observation of deviations from the
Standard Model at LEP is easily compatible with supersymmetric extensions of
the Standard Model, in contrast to other excursions beyond the Standard Model
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mentioned above.
To be complete, it is important to note that some non-oblique radiative cor-
rections (e.g., vertex corrections) can arise in supersymmetric models that are
observable. Perhaps the most interesting example of this type is b → sγ which is
induced in the Standard Model at one-loop.
[35]
In the MSSM, new contributions en-
ter which could alter the Standard Model prediction. Recent bounds from CLEO
[36]
can already place interesting limits on the MSSM parameter space. Nevertheless,
in the limit of large supersymmetric masses, these contributions vanish as well.
Thus, it is likely that supersymmetric particles, if they exist, will be discovered by
direct production at future colliders before their virtual effects are uncovered.
10. LEP has not discovered the Higgs boson.
[37]
The tenth reason is admittedly given with a little tongue in cheek. (I am sure
that technicolor enthusiasts would place this point prominently on their top-ten
list.) Nevertheless, low-energy supersymmetry leads to important constraints on
the Higgs sector. The experimental discovery or absence of the Higgs boson in
future experiments will have a significant impact on the validity of low-energy
supersymmetry. Consider first the MSSM. The Higgs sector of the MSSM is a
constrained two-Higgs-doublet model, in which all quartic Higgs self-couplings are
given in terms of the gauge couplings.
[38]
This means that at least one physical
Higgs boson of the model cannot be arbitrarily heavy. It is easy to show that the
lightest CP-even Higgs scalar satisfies the following tree-level bound: 0 ≤ mh0 ≤
mZ | cos 2β|, where tanβ is the ratio of Higgs vacuum expectation values. In light
of this result, it seems that the LEP non-discovery of the Higgs is somewhat of an
embarrassment for the MSSM.
This perception changed dramatically a few years ago when it was realized
that both the lower and upper bounds on the lightest Higgs mass in the MSSM
are significantly affected by radiative corrections. This is mainly a result of the
incomplete cancellation between top quark and top-squark loop corrections to the
Higgs two-point function. For example, the most significant one-loop radiative
correction to the neutral CP-even Higgs masses grows as m4t ln(M
2
t˜
/m2t ). Since
these effects were first uncovered independently by three groups,
[39]
there have been
many papers in the literature examining the impact of the radiative corrections
on the MSSM Higgs sector.
[40−50]
Here, I shall quote only two results. First, if
tan β = 1, then the tree-level prediction for the light CP-even Higgs mass is mh0 =
0. In this case, the physical mass of the h0 is entirely due to radiative corrections.
Marco Diaz and I have performed an exact one-loop calculation of the neutral
Higgs masses for values of tanβ near 1.
[49]
We confirmed that for tanβ near 1,
large radiative corrections to the light Higgs mass can easily push mh0 to values
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beyond the current LEP experimental lower bound of 60 GeV. Thus, the possibility
that the light Higgs mass is due entirely to radiative corrections is not ruled out!
Second, in fig. 2, I show the predicted value ofmh0 vs. tan β for various values of the
CP-odd Higgs mass, mA0 . Two graphs are shown corresponding to mt = 150 GeV
and 200 GeV, respectively. For values of mA0 > 150 GeV (assuming characteristic
supersymmetric particle masses of order 1 TeV), one sees that the predicted value
for mh0 lies above the current LEP Higgs mass bound.
The fact that a significant region of MSSM parameter space leads to a predicted
value of mh0 > 60 GeV is a consequence of enhanced radiative corrections driven
by a large top-quark mass. To put it another way, given the large value of mt
suggested by LEP precision electroweak experiments,
[51]
the most probable MSSM
parameters would put the light Higgs boson outside the reach of LEP-I.
So far, the above discussion has focused on the MSSM. What about non-
minimal models of low-energy supersymmetry? In such models, the main new
feature is the possibility of Higgs-self couplings that are not related to the gauge
couplings. Top-quark mass enhanced radiative corrections would still tend to raise
the tree-level value of the lightest Higgs boson. But, the upper Higgs mass limit
is seemingly unconstrained, since it depends on a new unknown parameter. In
this case, it is tempting to make use of the observation of gauge coupling constant
unification to conclude that no new physics enters between the TeV scale and MX .
If this is true, then it seems likely that all couplings of the model remain pertur-
bative below MX . In the case of the Standard Model, the Higgs squared-mass
is proportional to the Higgs self-coupling. The renormalization group scaling of
this coupling indicates that the Landau pole would be reached below the Planck
scale (indicating that new physics must enter) if the Higgs self-coupling at the
electroweak scale lies above a certain value. This result translates into the Higgs
mass bound: mH <∼ 175 GeV.
[52]
In non-minimal low-energy supersymmetric mod-
els, new Higgs self-coupling parameters enter which must be bounded in the same
way as in the Standard Model.
[53,54]
This yields a similar Higgs mass upper bound,
which according to ref. 54 is around 150 GeV.
Thus, if no Higgs boson is found below 150 GeV (and assuming that such a
Higgs scalar is not unexpectedly difficult to detect by the standard experimental
techniques), one would have to be prepared to either give up on low-energy super-
symmetry or abandon the concept of the desert between 1 TeV and the Planck
scale. Is there any experimental hint that the Higgs mass might be light (i.e., of
order mZ rather than, say, 1 TeV)? Without a good measurement of the top-quark
mass, the precision electroweak data from LEP is not accurate enough for one to
reach any conclusion on the Higgs mass. Nevertheless, there are intriguing hints
from some of the theoretical analyses of LEP data that give a weak preference for
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light Higgs mass values.
[55]
If such an indication is confirmed, it could provide yet
another confirmation of the expectations of low-energy supersymmetry. Of course,
the discovery of the Higgs boson at LEP-II would give a much larger boost to
low-energy supersymmetry. Based on the Higgs mass calculations quoted above,
I give LEP-II about a 50-50 chance for a Higgs discovery if they can extend their
search up to mZ . This may be the best hint for low-energy supersymmetry prior
to turning on the supercolliders.
3. The Second Top-Ten List: Challenges
to a Supersymmetric Theory
of Particle Physics.
The primary motivation for supersymmetry is that it has the potential for pro-
viding a consistent, natural embedding of the Standard Model of particle physics
in a more fundamental theory whose natural scale is MP . The unification of cou-
pling constants discussed in section 2.5 provides the strongest hint that one can
extrapolate from the TeV scale all the way up to energies near MP . However, a
fundamental supersymmetric theory of particles remains an elusive goal. Many
theorists insist that the fundamental supersymmetric theory can be truly under-
stood only in the context of superstring theory. This is a very ambitious point
of view which proposes that superstring theory is the “theory of everything”. For
example, in such a framework, one could in principle derive the effective low-energy
broken-supergravity model that emerges at the Planck scale. If this is your point
of view, then perhaps you should replace the following list with the top-ten list of
the outstanding problems in string theory and string model building. Such a list
would contain questions such as: (i) what is the correct string vacuum? (ii) how
does one compute the effective Planck-scale broken-supergravity model parameters
from string theory? (iii) etc. These questions lie beyond the scope of this talk (and
my expertise), and I refer you to the string talks of this workshop. Nevertheless, it
is certainly worthwhile to contemplate the solutions to the questions posed in the
list below in the context of string theory.
Here are ten theoretical problems that must be overcome on the way to con-
structing a successful supersymmetric theory of particle physics from the TeV scale
to the Planck scale.
1. The origin of supersymmetry breaking.
The origin of supersymmetry breaking is one of the most pressing theoretical
problem in fundamental theories of supersymmetry. Here, I shall only briefly out-
line the most common scenario for producing low-energy supersymmetry from a
more fundamental broken supergravity model. This scenario has been called the
10
hidden sector scenario.
[56]
In this scenario, one posits two sectors of fields. One
sector (called the “visible” sector) contains all the fields of the Standard Model
(and perhaps additional heavy fields in a grand unified model of the strong and
electroweak forces). A second “hidden” sector contains fields which lead to the
breaking of supersymmetry at some large scale ΛSUSY. One assumes that none of
the fields in the hidden sector carry quantum numbers of the visible sector. Thus,
the two sectors are nearly decoupled; they communicate only by weak gravita-
tional interactions. Thus, the visible sector only finds out about supersymmetry
breaking through its very weak gravitational couplings to the hidden sector. In the
visible sector, the effective scale of supersymmetry breaking (denoted by MSUSY)
is therefore much smaller than ΛSUSY. A typical result is
MSUSY ≃
ΛnSUSY
Mn−1P
, (3.1)
depending on the mechanism for supersymmetry breaking in the hidden sector.
Two popular models for the breaking mechanism are the Polonyi model (where
n = 2) based on F -type breaking in the hidden sector, and gaugino condensate
models
[57]
(where n = 3). In both cases, ΛSUSY can be quite large, above 10
10 GeV,
while still producing MSUSY of order 1 TeV or less.
In these scenarios, supersymmetry has the potential for solving the hierarchy
and naturalness problems described sections in 2.3 and 2.4. However, at this point,
we have only scenarios rather than realistic models. The gaugino condensate model
is indicative of the difficulty in constructing a realistic and viable fundamental
model of supersymmetry breaking. It suggests that the origin of supersymmetry
breaking is probably nonperturbative. As a result, reliable calculations are difficult.
This situation is somewhat reminiscent of the status of technicolor approaches to
electroweak symmetry breaking; i.e., a number of scenarios have been advanced,
but no standard model of technicolor exists. In this regard, I would like to make a
plea to the advocates of technicolor and related strong interaction approaches to
electroweak symmetry breaking. Lend us your skills of nonperturbative analysis
and help us to unravel the secrets of the fundamental origin of supersymmetry
breaking!
In string models, supersymmetry breaking should emerge as a consequence
of the dynamics of the model. If one were able to successfully solve the string
theory and determine the correct vacuum, one would in principle have the tools for
determining the “low-energy” effective broken supergravity model at the Planck
scale. The soft-supersymmetry breaking parameters would then be computable,
and would serve as boundary conditions for renormalization group evolution down
to the electroweak scale. Recently, there have been some attempts to explore
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model-independent features of the soft-supersymmetry breaking terms that emerge
from string theory.
[58]
Kaplunovsky will summarize some of these results later in this
workshop.
[59]
2. The cosmological constant problem.
Even if one is successful in making use of supersymmetry to solve the gauge
hierarchy problem with no fine-tuning, there is one unsolved fine-tuning problem
which remains, called the cosmological constant problem.
[60]
Once we take grav-
ity into account in particle theory, the vacuum energy density (Λ0) is a physical
quantity which in principle is calculable in a fundamental theory of gravity. Theo-
retically, the vacuum energy density is naively expected to be of orderM4P , but this
is not our universe. (A universe with such a large vacuum energy density would
have a lifetime of order the Planck time, h¯/MP c
2 ≃ 10−43 sec!) Thus, based on the
fact that the universe has endured over 10 billion years (and looks very flat at large
scales), Λ0/M
4
P < 10
−121. This is the mother of all fine-tuning and naturalness
problems!
The extent of this fine-tuning problem is slightly alleviated in broken super-
symmetric models. But at best, M4P is replaced by M
4
SUSY. Most theorists simply
put this question aside, perhaps to be solved at an undetermined future time. How-
ever, it is not clear that this is justified. One could ask whether one should accept
the theoretical motivation of low-energy supersymmetry to solve the gauge hierar-
chy and fine-tuning problems while ignoring the most severe fine-tuning problem
of them all. Perhaps a solution of the cosmological constant problem will automat-
ically solve all other fine-tuning problems by some presently unknown theoretical
mechanism, thus rendering supersymmetry unnecessary. Although it is difficult
to argue against such a proposition, the fact that supersymmetry seems to sig-
nificantly reduce the severity of the cosmological constant problem (as indicated
above) may be a hint that supersymmetry will play a key role in its eventual
solution.
In the absence of a solution to the cosmological constant problem, one must
simply be prepared to accept for now the required fine-tuning in models that in-
corporates both particle physics and gravity. In models of spontaneously-broken
supergravity, there is some freedom that allows a fine-tuning of parameters to set
the cosmological constant to zero. All model builders must do this in order to have
a theoretically consistent framework. In some string models, the cosmological con-
stant cannot be adjusted by hand, rather it is fixed by the theory. For example, in
the models of ref. 61, the cosmological constant is of order M4SUSY. While this is
certainly an improvement over the natural value of M4P , it is difficult to ascertain
whether one can make sense of such models by pretending that the cosmological
constant is zero.
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3. The origin of the unification scale (MX).
In section 2.5, we saw that the unification of gauge coupling constants takes
place at MX ≃ 10
16 GeV. This implies that MX 6= MP . How is the scale MX
generated? Perhaps threshold effects of super-heavy particles are sufficient to push
MX toward MP such that the two scales are not distinct. In some superstring
theories, the unification of coupling constants is predicted to occur at MP , so the
fact that MX 6= MP is somewhat problematical. One possible way around this
problem is to add extra multiplets to the theory to delay the unification to MP ;
some examples can be found in ref. 62.
4. The gauge hierarchy and tree-level fine-tuning problem.
One of the theoretical motivations of supersymmetry is to solve the gauge hier-
archy and naturalness problems, as discussed in sections 2.3 and 2.4. In supersym-
metric grand unified models, the ratio m2W /M
2
X ≃ 10
−28 is stable under radiative
corrections. This follows from the supersymmetric no-renormalization theorems,
[13]
which imply that the parameters of the superpotential (where the above ratio is
set) are not renormalized. Still, one can ask: where does such a small number
arise in the first place? For example, in supersymmetric SU(5), this small number
must be inserted into the theory (i.e., in the superpotential) by hand at tree-level.
Specifically, one must fine-tune tree-level parameters of the theory to an accuracy
of one part in 1028, in order that the uncolored doublet Higgs fields remain light (of
order mW ) while the color triplet Higgs fields are superheavy (with masses of order
MX). This is the famous doublet-triplet mass splitting problem which is shared by
most grand unified theories. In ordinary SU(5), this hierarchy is unstable under
radiative corrections. In supersymmetric SU(5), one can “set it and forget it”, but
this is not a desirable attribute of a fundamental theory. Possible solutions to the
tree-level fine-tuning problem do exist. One such example is the missing-partner
mechanism;
[63]
other solutions have also been proposed.
[64]
However, having elimi-
nated tree-level fine-tuning does not guarantee that the gauge hierarchy problem
has been solved. One must check that higher dimensional operators (which are
suppressed by inverse powers of the Planck scale) do not re-introduce fine-tuning
(which may be less severe than the original fine-tuning, but may still be too large
for comfort) in order to maintain the required gauge hierarchy.
[65]
String theory
also provides another mechanism for generating (approximately) massless Higgs
doublets, in models where no formal grand unification occurs.
[24]
5. The µ-problem.
[66]
A low-energy supersymmetric model is specified by its superpotential and col-
lection of soft-supersymmetry breaking terms. The latter are dimension two or
three terms with coefficients with units of mass to the appropriate power. The
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scale of the soft-supersymmetry-breaking terms is the electroweak scale; the ori-
gin of this scale is tied to the mechanism of supersymmetry-breaking, discussed in
section 3.1. But what about the terms in the superpotential with units of mass?
For example, the superpotential of the MSSM contains the term µĤ1Ĥ2 (where
the Ĥi are the two Higgs superfields), The parameter µ has dimensions of mass,
which must be no larger than about 1 TeV in order to preserve the naturalness of
the electroweak theory. What is the origin of the scale µ? There is danger that
in the fundamental theory at the Planck scale, µ could be generated with a value
of order MP . Perhaps the most natural solution is to demand that only dimen-
sionless parameters in the superpotential can be nonzero. However, this is not
acceptable in the case of the MSSM, since by setting µ = 0, the theory would have
a Peccei-Quinn symmetry, leading to a weak scale axion which is experimentally
untenable.
⋆
Other solutions to the µ-problem have been proposed. One solution
is to add a singlet superfield N̂ to the theory and eliminate the µ-term in the
superpotential in favor of the term Ĥ1Ĥ2N̂ . Then, µ would be generated when N̂
acquires a vacuum expectation value. However, singlet superfields are dangerous in
that they can destroy the gauge hierarchy.
[67]
A more natural mechanism is one in
which µ = 0 initially, but a non-zero value of µ of order 1 TeV (or less) is generated
when supersymmetry-breaking effects are taken into account.
6. The gravitino problem.
In low-energy supersymmetry, one typically expects the gravitino to possess a
mass of order MSUSY. The gravitino may or may not be the lightest supersym-
metric particle.
†
Since its interactions with ordinary matter are gravitational in
strength, its lifetime would exceed the lifetime of the universe by many orders of
magnitude. Thus, the gravitino is another candidate for dark matter (in addi-
tion to the LSP mentioned in section 2.8). This is problematical, since as shown
in ref. 68, a gravitino whose mass is of order MSUSY ≃ 100 GeV—1 TeV would
lead to a mass density of the universe significantly larger than the critical density.
That is, the number of primordial gravitinos is predicted to be too large. One
solution to this problem is to suppose that the universe reheats only up to about
1010 GeV after inflation. Inflation dilutes the primordial gravitinos sufficiently and
a low reheating temperature would insure that gravitinos are not regenerated in
significant numbers.
[69]
In the early days of supersymmetry model building, such a
solution was disfavored, since a successful model of baryogenesis at the GUT scale
implied that the baryons were generated after inflation, which required a reheating
⋆ In the standard low-energy supergravity approach, if µ = 0, then so is the soft-supersymmetry
breaking term m2
12
≡ Bµ which is the coefficient of H1H2 in the scalar potential.
† I shall stick to the notation in which the LSP is the lightest supersymmetric particle,
excluding the gravitino.
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temperature substantially above 1010 GeV. Recently, there has been much theoret-
ical work which indicates that baryogenesis at the electroweak scale
[70]
is possible.
‡
In this case, inflation and a low reheating temperature can be a viable solution to
the gravitino problem. (See also ref. 72 for an alternative suggestion.)
‡ In low-energy supersymmetric models, electroweak baryogenesis is possible in the context
of the MSSM.
[71]
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7. Flavor changing neutral current (FCNC) problems.
One of the great successes of the Standard Model is that FCNCs are very sup-
pressed, as required by experimental bounds on FCNC processes. The suppression
of FCNCs is a consequence of the GIM-mechanism. On the other hand, the ori-
gin of flavor in the Standard Model is a complete mystery. Extended technicolor
models attempt to solve both the origin of electroweak symmetry breaking and the
origin of flavor with new physics in the energy range between 1 TeV and 1000 TeV.
Perhaps it is not surprising that such an ambitious program is generally plagued
with FCNCs which violate the strict experimental bounds.
Supersymmetry is often touted as being superior in that there is no FCNC
problem. This is only partially correct. To avoid FCNCs, it must be true that
the squark mass matrices are approximately diagonal in the same basis that the
corresponding quark mass matrices are diagonal. In addition, since the dominant
contributions to the squark masses arise from soft-supersymmetry breaking terms,
one finds that the squarks must be roughly degenerate in mass.
[73]⋆
In supergravity
model building, a standard assumption is that all soft-supersymmetry-breaking
scalar masses at the Planck scale are universal. Of course, flavor information does
enter the renormalization group evolution, so that the low-energy squark mass
parameters will not be exactly flavor independent. Nevertheless, it is easy to show
that the assumption of universal soft scalar masses at the Planck scale is sufficient
to keep FCNCs below their experimental upper limits.
Are universal soft scalar mass terms at the Planck scale natural? The answer
appears to be model-dependent. Such a result appears automatically in supergrav-
ity models with canonical kinetic energy terms, although there is no fundamental
reason why a theory of supergravity should only possess the simplest kinetic energy
terms. In superstring models (at string tree-level), universal scalar masses appear
in models in which the supersymmetry-breaking arises solely from the dilaton F -
term.
[74]
More general models of low-energy supergravity generate non-universal soft
scalar masses, although the corrections to universality is calculable and in some
cases may be sufficiently small.
[75]
Another possibility, where the required squark
degeneracy is obtained by exploiting flavor symmetries at the Planck scale, is ex-
plored in refs. 76 and 77.
There are other dangers lurking if one begins to allow for new physics at inter-
mediate scales (between the TeV scale and the Planck scale). As shown in ref. 78,
⋆ Phenomenological requirements impose strong constraints only on the first two generations
of squarks. In the q˜L–q˜R basis, significant off-diagonal mixing in the bottom and top-
squarks sector (which splits the corresponding squark masses from the common diagonal
soft-supersymmetry-breaking mass) cannot be ruled out at present.
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integrating out the effects of physics at an intermediate scale can produce effective
non-universal scalar mass terms at that scale. Evolving the parameters of the ef-
fective Lagrangian down to the electroweak scale can generate FCNCs larger than
the allowed bounds. This is an important constraint on models that attempt to
attribute the origin of flavor to an intermediate scale.
8. The flavor puzzle.
As mentioned in the previous item, the Standard Model and the MSSM treat
the fermion generations in the same way. Neither provide any insight into the
origin of quark and lepton masses and mixing angles. The discussion of section 3.7
suggests that in a fundamental supersymmetric model, the origin of flavor probably
lies at the Planck scale.
⋆
At least two different scenarios are possible. In the first
scenario, the physics of flavor is imprinted on the fermion-Higgs Yukawa couplings
that arise from the underlying superstring theory. Examples are known in which
the Yukawa couplings are computable and depend on topological properties of the
compactified space that defines the string vacuum.
[24,25]
In the second scenario,
quark and lepton mass matrices are generated from the dynamics at the grand
unified scale. Examples of this approach have recently appeared in refs. 23 and
80. In this approach, supersymmetry does not play a fundamental role in the
generation of the quark and lepton matrices; rather it is required in order to have
consistent unification of couplings. One particularly elegant scenario suggests that
the three third-generation Yukawa couplings (ht, hb and hτ ) all unify at some large
scale MX .
[80,81]
Such models predict that mt ∼ 180 GeV and tan β ∼ mt/mb.
Large tan β models have a number of interesting phenomenological implications
including enhanced radiative corrections to the light Higgs mass (if mA0 > mh0)
and enhanced Higgs couplings to the b-quark (and τ -lepton).
9. The CP-violation puzzle.
In the Standard Model, CP-violation arises from a complex phase of the CKM-
matrix. This complex phase is also a source of CP-violation in the MSSM; in both
cases, there is no clue to the fundamental origin of CP-violation, or the relevant
energy scale involved. The solution to this problem may be intimately connected to
the flavor puzzle discussed above, since the CKM-phase arises after diagonalizing
the quark mass matrix. However, supersymmetric theories introduce new complex
phases. For example, in the MSSM complex phases can appear in the gaugino
Majorana mass terms and the A-parameters.
[82]
If these phases were O(1), one
⋆ Flavor could arise from intermediate scale physics.
[79]
But realistic models of this kind (that
satisfy, e.g., the FCNC constraints) are difficult to construct. In addition, the presence
of intermediate scales could seriously disrupt the successful unification of gauge coupling
constants discussed in section 2.5.
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would compute an electric dipole moment for the neutron which is 2 to 3 orders of
magnitude larger than the present experimental bounds. Thus, one must conclude
that the new supersymmetric phases are no larger that 10−3–10−2. Can such a
result arise in a natural way?
In the MSSM, one typically sets the unwanted phases to zero. But in a more
fundamental supersymmetric theory, the question of these phases must be ad-
dressed. If these phases are zero at the Planck scale, then their magnitudes at the
electroweak scale (driven by renormalization group evolution) are certainly small
enough to avoid potential phenomenological problems. But, this then shifts the
question to the Planck scale. What sets the Planck scale phases to zero?
String theory may provide a hint at a solution to this problem. It turns out that
in string theory, the CP-transformation is in fact a gauge transformation in higher-
dimensional space-time.
[83]
Since gauge symmetries cannot be explicitly broken, it
follows that at a fundamental level, CP-violation must arise from a spontaneous
breaking of CP at some higher energy scale (perhaps the Planck scale). This could
provide a theoretical motivation for setting Planck scale phases to zero. Remark-
ably, in a model of spontaneous CP-breaking at a very high scale, upon integrating
out the physics at the high scale, the effective low-energy CP-violation has pre-
cisely the form of a single phase in the CKM-matrix.
[84−86]
This scenario requires
new intermediate scale (or Planck scale) physics associated with the scale of CP-
violation.
[85−87]
It appears impossible to construct a viable model of spontaneous
CP-violation solely in the context of the MSSM.
[88]
Although the above scenario sounds compelling, there is a potential problem
associated with the strong CP phase. Based on the present limits on the electric
dipole moment of the neutron, it is known that θ¯ < 10−9. But in models of
spontaneously broken CP, θ¯ is calculable. One can think of the mechanism as
follows: set θ¯ = 0 at the high scale where CP is a good symmetry. Below the scale
of CP-breaking, a non-zero (finite) value of θ¯ is generated. If only Standard Model
particles remained after integrating out the physics above the CP-breaking scale,
one would find an incredibly small value for θ¯ well below the experimental limits.
[89]
This result follows because one needs to go to a high order in perturbation theory
before the first nontrivial correction to θ¯ arises. But, in models with low-energy
supersymmetry, contributions to θ¯ may arise at one-loop and yield a value for θ¯
larger than the experimental bound.
[90,86]
Thus, it is a challenge to model-builders
to construct a viable supersymmetric model of spontaneously broken CP-violation
which does not generate a value of θ¯ that is incompatible with the bound on the
neutron electric dipole moment.
10. The origin of low-energy discrete symmetries.
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One of the great triumphs of the Standard Model is that SU(3)×SU(2)×U(1)
gauge invariance is sufficient to eliminate the possibility of baryon number (B) and
lepton number (L) violating operators of dimension four or less.
[91]
This provides
a natural explanation why the Standard Model conserves B and L to such great
accuracy.
⋆
Unfortunately, this elegant result of the Standard Model is lost in the
MSSM.
[92]
To see why, recall that the supersymmetric interactions are fixed once
one specifies the superpotential. The most general gauge-invariant superpotential
of the MSSM has the following form:
W =WR +WNR . (3.2)
First, WR is given by
WR = ǫij
[
hτ Ĥ
i
1L̂
jÊ + hbĤ
i
1Q̂
jD̂ − htĤ
i
2Q̂
jÛ − µĤ i1Ĥ
j
2
]
. (3.3)
In eq. (3.3), ǫij is used to combine two SU(2) doublets [where ǫij = −ǫji with
ǫ12 = 1]. The parameters introduced above are the Yukawa coupling matrices
hτ , hb and ht (generation labels are suppressed) and the Higgs superfield mass
parameter, µ. Second, WNR is given by
WNR = ǫij
[
λLL̂
iL̂jÊ + λ ′LL̂
iQ̂jD̂ − µ ′L̂iĤj2
]
+ λBÛD̂D̂ , (3.4)
where generation labels are again suppressed. One quickly observes that the terms
in WNR violate either baryon number (B) or lepton number (L). Specifically,
L̂L̂Ê, L̂Q̂D̂, L̂Ĥ ∆L 6= 0 ,
ÛD̂D̂ ∆B 6= 0 .
(3.5)
In the MSSM, one sets WNR = 0 in order to recover B and L symmetry. This
can be implemented by introducing a discrete symmetry. There are two equivalent
descriptions:
(i) Matter parity
[93]
The MSSM does not distinguish between Higgs and quark/lepton superfields. One
can define a discrete matter parity under which all quark/lepton superfields are
odd while the Higgs superfields are even.
⋆ In fact, B and L are not exact in the Standard Model but are violated due to the electroweak
anomaly. But the size of such violations is exponentially suppressed and not relevant to the
discussion here.
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(ii) R-parity
[94]
In the supersymmetric limit, one can show that the theory possesses a continuous
U(1)R symmetry if R = 2 for all terms in the superpotential W .
†
It follows that in
order to set WNR = 0, one may choose
R = 1 for Ĥ1, Ĥ2 ,
R = 12 for L̂, Ê, Q̂, Û , D̂ .
(3.6)
The full continuous U(1)R symmetry does not survive when the soft-supersymmetry-
breaking terms are included; the U(1)R symmetry breaks down to a discrete Z2
symmetry called R-parity. It is easy to check that the R-parity quantum number
is given by
R = (−1)3(B−L)+2S (3.7)
for particles of spin S.
‡
If low-energy supersymmetry is correct, will it be R-parity invariant? From
a purely phenomenological point of view, one cannot rule out the possibility that
some of the operators listed in eq. (3.5) are present. One can set bounds on
λL, λ
′
L, µ
′ and λB [see eq. (3.4)], based on B and L violation limits in a variety of
Standard Model processes.
[99,100]
There is one weak argument in favor of a conserved
R-parity. If R-parity is violated, then the LSP is no longer stable and therefore
cannot be the dark matter. If one regards the existence of dark matter as one of
the selling points for low-energy supersymmetry (see section 2.8), then one must
demand that R-parity is a good symmetry.
Whether one believes in R-parity or not, it is clear that phenomenological
requirements prevent the simultaneous appearance of all the operators listed in
eq. (3.5). Thus, it seems inevitable that some sort of discrete symmetry will
be required to remove the unwanted operators. Any fundamental theory of su-
persymmetry must address the origin of such discrete symmetries. Examples of
superstring models are known in which the discrete symmetries necessary for R-
parity invariance emerge naturally.
[101]
This may provide a clue as to the origin of
discrete symmetries in low-energy supersymmetry.
† My normalization of the R-quantum number differs by a factor of two from that of ref. 98.
‡ Interesting alternative supersymmetric models exist in which the R-parity symmetry de-
scribed above is modified. Among such models are R-parity-violating models, and models
that promote the Z2 R-parity of the MSSM to a larger discrete symmetry group
[95]
or even
to the full continuous U(1)R symmetry.
[96]
In the latter case, one must introduce new color
octet fermions to mix with the gluinos,
[97]
in which case U(1)R-symmetric massive color-
octet Majorana fermions are permitted. Such models represent interesting alternatives to
the MSSM.
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4. Conclusions
With the discovery of the W and Z gauge bosons in the early 1980s, particle
physics entered the era of electroweak symmetry breaking. Nevertheless, the fun-
damental origin of electroweak symmetry breaking is still unknown. Theoretical
arguments have made a convincing case that the dynamics underlying electroweak
symmetry breaking must be associated with physics at the TeV scale. Low-energy
supersymmetry is a leading candidate for this dynamics, for the reasons presented
in section 2. However, these ten reasons can never carry the weight of one reason—
the discovery of supersymmetric particles at some future collider. It is in this regard
that the next generation of supercolliders—the LHC and SSC—are indispensable.
These machines are designed to have the capability of determining whether low-
energy supersymmetry or some other dynamics is responsible for the masses of
the gauge bosons. Without the supercolliders, progress at the forefront of particle
physics will stop cold.
In the meantime, the top-ten list of section 3 provides a useful menu of theoret-
ical problems that supersymmetric theorists must address. Perhaps some progress
will occur as we await the deliberations of the politicians. But, I suspect that ma-
jor theoretical breakthroughs will elude us until we have more experimental input.
It will be instructive to see how the top-ten lists presented here are viewed ten and
twenty years from now. If supersymmetry survives, its main promise will be that
it provides a window to the Planck scale. May we be so fortunate!
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FIGURE CAPTIONS
1) The contribution to the S and T parameters from the neutralino and chargino
sector of the MSSM as a function of µ for tanβ = 2. The four curves
shown correspond to M = 50, 250, 500 and 1000 GeV [with M2 ≡ M and
M1 = (5g
′2/3g2)M ]. In (a), curves in the region of |µ| ≤ 100 GeV are not
shown, since in this region of parameter space the light chargino mass is less
than of order mZ . In (b), T is related to the ρ parameter via δρ = αδT
which is an experimental observable over the entire mass parameter region.
Taken from ref. 34.
2) RGE-improved Higgs mass mh0 as a function of tan β for (a) mt = 150 GeV
and (b) mt = 200 GeV. Various curves correspond to mA0 = 0, 20, 50, 100
and 300 GeV as labeled in the figure. All A-parameters and µ are set equal
to zero. The light CP-even Higgs mass varies very weakly with mA0 for
mA0 > 300 GeV. Taken from ref. 50.
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